Abbreviations used in this paper: CA, constant area; CP, constant pressure; MD, molecular dynamics; RMSD, root mean-square deviation; RMSF, root mean-square fluctuation; SMD, steered MD; TM, transmembrane.

INTRODUCTION
============

Transport across membranes is a ubiquitous feature of living cells, typically requiring substrate-specific membrane-bound proteins that permit efficient passage for some molecules while preventing other molecules from breaching the membrane barrier. Proteins themselves are not excluded as substrates and often need to cross the membrane of the endoplasmic reticulum in eukaryotes or the plasma membrane in bacteria during or immediately after their formation while still in an unfolded state. One of the most common pathways involves the use of the protein-conducting channel, also known as the Sec61 or SecY complex ([@bib46]; [@bib30]; [@bib35]; [@bib48]; [@bib36]). This channel works in concert with the ribosome or other channel partners, such as SecA in bacteria, which drive translocation of the nascent protein. The protein-conducting channel also serves as the point of insertion for most membrane proteins, thus requiring it to have two different modes of opening ([@bib45]; [@bib37]; [@bib47]).

When not allowing the passage of proteins, the channel must maintain membrane integrity and prevent ions, protons, or other solutes from crossing; during protein translocation, the channel should also minimize the flow of other molecules. The crystal structure of an archaeal SecYEβ complex suggests a means by which the barrier could be maintained through the action of two structural elements in SecY, a pore ring and a plug, both shown in [Fig. 1](#fig1){ref-type="fig"} ([@bib45]). The plug, a small helix between transmembrane (TM) helices 1 and 2, blocks the periplasmic half of the hourglass-shaped channel, and the pore ring, composed of six hydrophobic residues, forms a constriction point at the channel\'s center. Multiple molecular dynamics (MD) simulation studies have shown the SecY complex to be watertight in its closed form, supporting the assertion that the pore ring and plug serve to close the channel ([@bib13]; [@bib15]). Additionally, simulations of translocation revealed that the plug comes out of the channel, as expected, and the pore ring, known to contact the nascent polypeptide, forms a gasket-like seal around it ([@bib8]; [@bib13]; [@bib6]). This seal is not expected to be perfect, but should still serve to maintain the permeability barrier ([@bib39]; [@bib10]). An alternative model for sealing the channel has also been put forth based on fluorescence-quenching experiments in the eukaryotic system. In this model, it is proposed that the pore is quite large (up to 40--60 Å wide during translocation), and that it is sealed by the ribosome on the cytoplasmic side or by BiP on the luminal side ([@bib9]; [@bib16], [@bib17]). Whether or not this model applies in the prokaryotic system is unclear as there is no bacterial analogue to BiP known ([@bib36]). Additionally, the SecY and Sec61 complexes have notable sequence similarity, particularly in regions such as the pore ring, suggesting that the complex functions similarly in all organisms ([@bib45]).

![SecYEβ. In all panels, SecY is shown in gray, SecE in orange, and Secβ in yellow. (A) Side view of the simulated system. Lipids are colored light blue, with their head groups highlighted as red, blue, and brown spheres. Water is shown as a transparent, gray surface. (B) Comparison of SecYEβ crystal structures. The protein is transparent, with the pore ring drawn as a yellow space-filling surface in the center. The three structures are nearly identical except for the plugs. The native plug is shown in green, the half-plug deletion mutant in blue, and the full-plug deletion mutant in red. (C) View of SecYEβ from the cytoplasmic side. The pore ring is closed in all structures.](jgp1320709f01){#fig1}

Assuming pore ring and plug are both necessary to seal the channel, it has been unclear until recently what their independent roles are. Further confusing the situation is the fact that in multiple experiments, in *Saccharomyces cerevisiae* and *Escherichia coli*, deleting the plug was not lethal to the cell and, in fact, did not even significantly impair the channel\'s function ([@bib25]; [@bib29]; [@bib26]). However, electrophysiology experiments demonstrated that deleting the plug makes the channel permeable to ions and causes it to alternate between open and closed states ([@bib38]). Crystal structures of two such plug deletion mutants were obtained, one a half-plug deletion mutant (residues 60--65 deleted) and one a full-plug deletion mutant (residues 57--67 deleted). Surprisingly, the structures showed that new plugs form from the remaining residues, and that the channel is still in a closed state ([@bib26]). We have examined through 0.35 μs of MD simulations the stability of these two mutants compared with the native channel. We find that the mutant channels permit the permeation of water due in part to increased fluctuations of the pore ring, whereas the native channel is watertight. We also observe that the force required for simulated translocation and for opening of the lateral gate, the site of membrane protein insertion, is reduced in the mutants, thus connecting plug deletion directly with channel function. Finally, through a unique simulation in which we uncouple the steric effects of the plug from its interactions with the rest of the channel, we are able to elucidate the specific roles of plug and pore ring. We conclude that the plug serves primarily to lock the channel in a closed conformation and that the pore ring is the primary barrier to the flow of water or ions through the channel, its widening and narrowing controlled through the plug.

MATERIALS AND METHODS
=====================

System Preparation
------------------

In total, four systems were built using the program VMD ([@bib22]). Modeling of three of the systems, the native SecYEβ, the half-plug deletion mutant, and the full-plug deletion mutant, began from crystallographic structures (PDB codes 1RHZ, 2YXQ, and 2YXR, respectively; [@bib45]; [@bib26]). The fourth system, a mutant with the plug locked outside of the channel, was prepared from the native structure by mutating residues 61 of SecY and 64 of SecE to cysteine using steered MD (SMD; see below) to pull the plug from the center of the channel, and then introducing a disulfide bond between the two residues. Each protein was placed in a POPC lipid bilayer solvated in water with 100 mM Na^+^ and Cl^−^ ions neutralizing the system. The total size for all systems was ∼100,000 atoms. Additional details can be found in [@bib13].

MD Methods
----------

Molecular simulations were performed using NAMD 2.6 ([@bib32]) and the CHARMM27 force field with the CMAP correction ([@bib27], [@bib28]). Electrostatics were evaluated using a multiple time-stepping algorithm in which bonded interactions are calculated every 1 fs, short range non-bonded interactions every 2 fs, and long-range interactions every 4 fs. Long-range interactions were calculated with the particle mesh Ewald technique with a grid point density of ∼1/Å^3^.

All simulations were performed at constant temperature and pressure in the NpT ensemble. A constant temperature of 310 K was maintained using Langevin dynamics, applied to all heavy atoms with a damping constant of 1 ps^−1^; in the case of SMD simulations, the thermostat was coupled only to the lipid heavy atoms to avoid affecting the measured force. A constant pressure (CP) of 1 atm was enforced via a Nosé-Hoover-Langevin piston. Additionally, for some simulations (denoted constant area \[CA\]), the area in the plane of the membrane was held constant while the *z*-dimension only was allowed to fluctuate to maintain a pressure of 1 atm. For all simulations, periodic boundary conditions were assumed.

Application of External Forces
------------------------------

SMD ([@bib23]; [@bib43]) was used for three sets of simulations. In the first set, deca-alanine, a 10-alanine helix, was pulled across the channel at 5 Å/ns, as done previously ([@bib13]); in the second set, the lateral gate was opened at 3 Å/ns, also as done previously ([@bib14]). In the third set, the plug was pulled away from the center of the channel at 1 Å/ns. Here, the plug was defined as residues 57--62 for the native SecYEβ, 54--59 for the half-plug deletion mutant, and 55--70 for the full-plug deletion mutant. In all cases, force was applied to the relevant atoms of the protein (C~α~ only) via a spring connected to an imaginary point moving at constant velocity. The force constant for this spring was 350 pN/Å^2^ for translocating deca-alanine and for pulling the plug; for opening the lateral gate, a force constant of 175 pN/Å^2^ was used.

To increase the pore opening in SecY for three simulations, a linear force pointing away from the center was applied only to protein atoms found within an imaginary cylinder of radius *r* centered on the pore ring. The radius was increased from 0 to 3.5 and then 5 Å at a rate of 1 Å/ns, after which the radius was maintained at each size (3.5 or 5 Å) for an additional 20 ns (see [Table I](#tbl1){ref-type="table"}).

###### 

Water Permeation through SecY

  System                      Time(ns)   CP/CA   Wat. Up   Wat. Down   Rate (/ns)     *p*~d~ (10^−13^ cm^3^/s)   *p*~f~ (10^−13^ cm^3^/s)
  --------------------------- ---------- ------- --------- ----------- -------------- -------------------------- --------------------------
  native                      20.0       CP      0         0           0              0                          0
  native                      10.0       CA      0         0           0              0                          0
  Δ57--67                     51.0       CP      203       220         8.29 ± 4.00    1.24 ± 0.60                5.34 ± 1.85
  Δ57--67 (first 20 ns)       20.0       CP      46        64          5.50 ± 1.32    0.82 ± 0.20                5.03 ± 1.84
  Δ57--67                     20.0       CA      46        65          5.55 ± 2.74    0.83 ± 0.41                4.31 ± 1.43
  Δ57--67 (rest.)             20.0       CP      0         0           0              0                          0
  Δ60--65                     20.0       CP      14        6           1.00 ± 1.19    0.15 ± 0.18                2.92 ± 0.77
  Δ60--65                     20.0       CA      2         2           \<1            N/A                        N/A
  plug-SecE--locked           20.0       CP      24        12          1.80 ± 1.91    0.27 ± 0.29                3.95 ± 2.01
  plug-SecE--locked           20.0       CA      12        13          1.25 ± 1.48    0.19 ± 0.22                3.51 ± 1.60
  *r~pore~* = 3.5 Å           20.0       CP      230       196         21.30 ± 2.13   3.18 ± 0.32                9.50 ± 4.20
  *r~pore~* = 3.5 Å (rest.)   20.0       CP      195       148         17.15 ± 3.79   2.56 ± 0.57                9.29 ± 3.32
  *r~pore~* = 5 Å             20.0       CP      759       643         70.10 ± 8.63   10.48 ± 1.29               25.96 ± 7.96
  transp. plug                20.0       CP      1         5           \<1            N/A                        N/A

Simulations are listed by system, time, and pressure conditions. "Transp. plug" denotes the simulation in which the plug was made transparent to water. "Rest." indicates the simulations where the pore ring residues were restrained to their initial positions. "CP" means constant pressure was maintained in all dimensions, and "CA" means constant area in the plane of the membrane was enforced. The number of water permeation events up (from periplasmic to cytoplasmic) and down (cytoplasmic to periplasmic) through the channel is given, along with the bidirectional permeation rate, the diffusive permeability (*p*~d~), and osmotic permeability (*p*~f~). For simulations in which the number of permeation events was \<1/ns, permeabilities were not calculated.

Modification of Plug Interactions
---------------------------------

To separately quantify the effect of plug and pore ring in maintaining the channel seal, a simulation modifying the interactions of the plug with water was performed for the closed native state of the channel. The plug (residues 55--65) maintained normal bonded and non-bonded interactions with the rest of the protein, lipids, and ions. However, non-bonded interactions between plug and water (van der Waals and short-range electrostatic interactions) were turned off, effectively making the two "transparent" to each other. This was accomplished by developing a modified version of NAMD in which the interactions could be controlled separately. The source code for this version is available upon request.

Analysis
--------

### Osmotic Permeability.

We calculated the osmotic permeability, *p*~f~, from equilibrium simulations following the procedure developed in [@bib50] and also validated elsewhere ([@bib1]; [@bib19]; [@bib24]). In brief, a collective coordinate describing the motion of all water molecules in the channel is defined via the relation$$\documentclass[10pt]{article}
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\begin{equation*}dn={{\sum_{i{\in}S(t)}}}dz_{i}/L,\end{equation*}\end{document}$$where *S*(*t*) is the set of water molecules in the channel at time *t*, *dz~i~* is the movement of water molecule *i* in the *z*-direction at time *t*, and *L* is the length of the channel (defined for SecY as 40 Å). By setting *n*(0) = 0, [Eq. 1](#fd1){ref-type="disp-formula"} can be integrated to give *n*(*t*). We divided *n*(*t*) into *M* 2-ns subtrajectories, setting each *n~i~*(0) = 0. The mean square displacement (MSD) was then calculated using$$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{MSD}}(t_{j})=\frac{1}{M}{{\sum^{M}_{i=1}}}n_{i}(t_{j})^{2},\end{equation*}\end{document}$$with *t~j~* ranging from 1 to 100 ps, in 1-ps increments. At equilibrium, *n*(*t*) follows a 1D random walk, and thus $\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}{\langle}n^{2}(t){\rangle}=2D_{{\mathrm{n}}}t\end{equation*}\end{document}$. A linear regression was used to fit MSD(*t~j~*) versus *t~j~*, giving the diffusion coefficient *D*~n~. Finally, *p*~f~ is connected to *D*~n~ through the relationship$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}p_{{\mathrm{f}}}={\mathrm{{\nu}}}_{{\mathrm{W}}}D_{{\mathrm{n}}},\end{equation*}\end{document}$$where *ν*~W~ is the average volume of a single water molecule (18 cm^3^/mol; [@bib50]). Standard deviation was determined by comparing multiple values of *p*~f~ calculated for each subtrajectory.

### Diffusive Permeability.

The diffusive permeability, *p*~d~, was calculated using$$\documentclass[10pt]{article}
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\begin{document}
\begin{equation*}p_{{\mathrm{d}}}={\mathrm{{\nu}}}_{{\mathrm{W}}}q_{0},\end{equation*}\end{document}$$where *q*~0~ is the unidirectional number of permeation events per unit time (i.e., half the rate reported in [Table I](#tbl1){ref-type="table"}; [@bib51]). Standard deviation for *p*~d~ as well as the permeation rate were found by dividing the full trajectory into 5-ns subtrajectories and calculating *p*~d~ and the rate for each.

Online Supplemental Material
----------------------------

The online supplemental material contains additional analyses and figures. The membrane area as a function of time is presented in Fig. S1. Also, the water density inside the pore and distribution of water occupancies for the full-plug deletion mutant as well as the two simulations of the plug-SecE--locked mutant with *r~pore~* = 3.5 Å are presented and discussed in more detail (Figs. S2 and S3). The pore radius as a function of time is given for all systems in Figs. S4 and S5. Fig. S6 compares the size of a water molecule to that of the closed pore ring. Figs. S7 and S8 illustrate the fluctuations of the pore ring residues and the plug over time, respectively. Fig. S9 compares the pore rings in the three crystal structures, whereas Fig. S10 compares the intrusion of water into the pore during the simulations. Finally, Fig. S11 compares the force required for lateral gate opening to that measured in a previous study ([@bib14]). The online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>.

RESULTS
=======

To discern the dynamic differences between native SecY and its two plug deletion mutants, which appear quite similar structurally, we performed long equilibrium simulations of each. In addition to systems for the native SecY, the half-plug deletion mutant, and the full-plug deletion mutant, we also modeled SecY with the plug disulfide bonded to SecE outside of the channel (residues 61 in *Methanococcus jannaschii* SecY and 64 in SecE). This "plug-SecE--locked" mutant is known to be lethal and has the highest conductance of the channel mutants tested in experiment ([@bib18]; [@bib44]; [@bib38]). Each mutant was simulated for at least 20 ns in two separate simulations, one in which the membrane area was fixed (denoted CA) and one in which the pressure in all dimensions was held constant (denoted CP). Although a significant difference is not expected between CA and CP simulations, CP simulations with the CHARMM force field can produce overcompressed bilayers, which, in principle, could affect the behavior of the channel ([@bib11]; [@bib12]). Indeed, in our CP simulations, compression was weak as the area became reduced by only ∼6% (see Fig. S1, available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>).

Permeability of the Resting Channel
-----------------------------------

As recent experiments indicated large differences in the conductance of each mutant, we first chose to quantify the permeability for all systems. No water or ion permeation was observed for native SecY (see [Table I](#tbl1){ref-type="table"}), as expected from previous simulations and from experiment ([@bib13]; [@bib15]; [@bib38]). Ion conduction was not observed for the mutants either; therefore, we used water conduction as a surrogate measure of channel openness.

The theory and simulation of water permeation through channels are described in [@bib51], in particular the difference between the diffusive (*p*~d~) and osmotic (*p*~f~) water permeability as well as the rate of water molecules permeating the channel; the latter property is easy to obtain from simulation (see also Materials and methods) whereas *p*~d~ and, in particular, *p*~f~ are relatively easy to observe experimentally. A water permeation event was counted when a water molecule crossed the pore ring and moved at least 3 Å beyond it. As seen in [Table I](#tbl1){ref-type="table"}, the full-plug deletion mutant had the highest rate of water permeation at 5.5/ns (over the first 20 ns), followed by the plug-SecE--locked channel at 1.8/ns, and then the half-plug deletion mutant at 1.0/ns (all from the CP simulations). Although we would expect the plug-SecE--locked channel to have the highest conductance based on experiments ([@bib38]), the pore ring of the full-plug deletion mutant is more distorted due to the recruitment of additional residues to form the new plug. The plug-SecE--locked mutant may form over time a new plug from available residues, leading to similar distortions in the pore ring and conduction at an even higher rate. CA simulations (see Materials and methods) produced similar results, with the exception of the conduction of the half-plug deletion mutant being less. We also found that the rate of water permeation for the full-plug deletion mutant increases over 51 ns to an average value of 8.29/ns. This increase in the rate and its standard deviation suggest that over time, structural changes may cause the channel to become more permeable; the increase can also be seen by looking at cumulative permeation events, shown in Fig. S2, which is available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>.

To relate the present simulations to experimental observation, we calculated the osmotic permeability, *p*~f~ (see Materials and methods), from the equilibrium simulations. Resulting *p*~f~ values fall into the range 2--5 × 10^−13^ cm^3^/s, comparing well to *p*~f~ measured for some aquaporins (e.g., aquaporins 1 and 4; [@bib49]; [@bib34]). The simulations as a whole indicate that although the mutants appear closed in the crystal structures, they actually fluctuate between closed and open states in their native environment, permitting water to permeate.

To determine the source of the increased permeability in the mutant channels, we first considered a role of the six pore ring residues. After the addition of hydrogen atoms (see Materials and methods), the opening formed by the pore ring is smaller than the 5--8 Å originally seen in the crystal structures and can hardly accommodate a single water molecule at any given time (see Fig. S6, available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>; [@bib45]). However, despite their similar initial appearance in all the structures, the pore rings in the mutants exhibit greater fluctuations compared with the native one. [Fig. 2 B](#fig2){ref-type="fig"} shows the root mean-square deviation (RMSD) of the pore ring residues over time. The pore rings of the half-plug and full-plug deletion mutants show larger deviations over time compared with the native pore ring, although much of the deviation comes from early distortion of the residues. Because RMSD measures the net movement of the residues, and thus is less sensitive to small fluctuations, we also measured the *z*-coordinate of the terminal heavy atom of each pore ring residue\'s side chain as a function of time. As shown in Fig. S7 (available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>), the residues of the half- and full-plug deletion mutants demonstrate much greater fluctuation and overall deviation compared with the native SecY. To confirm the relationship between fluctuation of the pore ring residues and conduction, we simulated the full-plug deletion mutant with the heavy atoms of the pore ring restrained to their initial positions. During 20 ns of simulation, we found that not a single water molecule crossed the restrained pore ring, indicating that the pore\'s small size in the crystal structure is sufficient to prevent permeation, the hydrophobic nature contributing possibly to this behavior. Although the pore ring does not adopt a permanently open conformation in unrestrained simulations, it does exhibit fluctuations that permit passage of water and presumably also of ions and other small molecules.

![Effect of plug deletion on the pore ring. (A) Water permeation in the full-plug deletion mutant. A snapshot of the pore ring, in yellow, from the equilibrium simulation is shown. Pore ring residues Ile^75^ and Ile^174^ are not shown for clarity. Water molecules (red) flow easily through the pore ring, which is captured in an open state. (B) RMSD of the pore ring residues. The RMSD for the pore rings of native SecY (black), its half-plug deletion mutant (blue), and its full-plug deletion mutant (red) are shown as a function of time. Solid lines denote the running averages of the transparent ones.](jgp1320709f02){#fig2}

To determine how far pore hydrophobicity controls water permeation for large openings, we simulated the plug-SecE--locked mutant with enforced inner pore radii of 3.5 and 5 Å (see Materials and methods). Earlier simulations suggest that water conduits in hydrophobic nanopores become disrupted for pore radii decreasing below 4 Å, the actual transition depending on pore length among other factors ([@bib5]). Our simulations showed that SecY at both pore radii remained primarily water-filled, i.e., open; at *r~pore~* = 3.5 Å, 426 water permeation events were observed in 20 ns, and at *r~pore~* = 5 Å, 1,402 permeation events were observed. The corresponding *p*~f~ is 2.6 × 10^−12^ cm^3^/s for the wider pore, which compares well with the *p*~f~ value of nonselective channels like α-hemolysin ([@bib31]; [@bib34]). The length of the hydrophobic region in SecY is shorter at 6 Å than the length investigated by [@bib5] (8--12 Å) as well as that in other channels, e.g., the mechanosensitive channel MscS (10 Å, comprised of two rings of hydrophobic residues) and the nicotinic acetylcholine receptor (14 Å, three rings of hydrophobic residues; [@bib2]; [@bib42]; [@bib4]). Apparently, SecY\'s pore ring is too short to block the flow of water at intermediate radii, but the decreased water density inside the pore (*n(t)/n~bulk~* = 0.6 on average; see Online supplemental material) may be sufficient to prevent the passage of ions ([@bib3]).

To investigate the role of pore ring residue fluctuations in water permeation, we simulated the plug-SecE--locked mutant at *r~pore~* = 3.5 Å with its pore ring residues completely restrained. As seen in [Table I](#tbl1){ref-type="table"}, the rate of water permeation is decreased compared with the freely fluctuating pore ring. For the unrestrained pore ring, we found that a symmetric water distribution peaked at *n* = 5--6 water molecules (see Online supplemental material); for the restrained pore ring, a bimodal distribution was found, peaked at *n* = 0 ("vapor-like" state) and at *n* = 5 ("liquid-like" state) inside the pore ring, indicative of hydrophobic gating ([@bib4]). Thus, pore ring residues\' fluctuations impair hydrophobic gating effects.

One of the most surprising features of the mutant structures is that despite missing half or all of the original plug, new plugs formed from the remaining residues ([@bib26]). However, these plugs form fewer interactions with the rest of the channel than seen in the native case, and therefore do not remain in the center of the channel as in native SecY (see [Fig. 1](#fig1){ref-type="fig"}). In native SecY, the plug forms hydrophobic interactions with the pore ring as well as with TMs 2b and 7 that form the lateral gate. In the half-plug deletion mutant, hydrophobic residues in the new plug interact predominantly with the loops between TMs 3 and 4 and TMs 7 and 8. Interactions in the full-plug deletion mutant are even weaker, with the new plug interacting mostly with the N-terminal end of TM 2b and also with Gln^180^ in TM 5. The loss of many interactions permits the new plugs greater freedom to move within the channel. Although for the native SecY the plug\'s center of mass moves by only (0.7 ± 0.16) Å, the plugs for the half-plug deletion mutant and the full-plug deletion mutant move by as much as (2.7 ± 0.28) and (4.7 ± 0.33) Å from their starting positions, respectively, and both exhibit larger fluctuations over time (see Fig. S8, available at <http://www.jgp.org/cgi/content/full/jgp.200810062/DC1>). As the plug acts in part to block the periplasmic half of the channel, its additional movement in the mutants likely also facilitates the permeation of water as observed in our simulations.

In addition to affecting the pore ring, modifications of the plug affected other parts of the channel as well. We compared the root mean-square fluctuations (RMSFs) of all residues for each simulation, shown in [Fig. 3 A](#fig3){ref-type="fig"}. Fluctuations for residues of the native SecY are highest in the cytoplasmic loops, including channel-partner binding loops 6/7 and 7/8, in agreement with other simulations ([@bib15]). For the mutants, residues with increased fluctuations compared with native SecY correspond primarily to those near the plug, including TM1 as well as the loops between TMs 3 and 4 and TMs 7 and 8, illustrated in [Fig. 3 B](#fig3){ref-type="fig"}. Although the pore itself did not widen significantly on the timescale of our simulations, the localized increase in fluctuations in the periplasmic half of the channel may over time lead to spontaneous widening. This additional widening outside of the timescale of our simulations may also account for the significant ion permeation measured in experiment but not observed in our simulations.

![Effect of plug deletion on SecY. (A) RMSF of SecY. The RMSF calculated over the last 17.5 ns of a 20-ns trajectory is shown for native SecY (black) as well as its half-plug deletion mutant (blue) and its full-plug deletion mutant (red). The locations of the TM segments are indicated in the plot. (B) SecY viewed from the periplasmic side. SecY is colored according to the difference between the RMSF for the full-plug deletion mutant and native SecY, with red representing the largest difference and blue the smallest. SecE and Secβ are shown in orange and yellow, respectively.](jgp1320709f03){#fig3}

Forced Opening of the Channel
-----------------------------

To further elucidate differences between the mutant structures, we performed three sets of SMD simulations (see Materials and methods). In the first two sets, we simulated translocation of a deca-alanine helix across the channel and also simulated forced lateral gate opening, following simulations performed previously ([@bib13], [@bib14]). In the third set, we applied force to the plug, pulling it out of the channel toward the periplasm. In all cases, the element of interest, deca-alanine, the lateral gate, or the plug, was pulled at a constant velocity while the force required was measured.

It has been suggested that *prl* mutations of the translocon, a class of known mutations that decrease or eliminate the need for a signal sequence to initiate translocation, function often by destabilizing the closed state of the channel ([@bib41]). Similarly, mutations that bias SecY toward a more open state should presumably also more easily permit the passage of polypeptides. To examine the connection between mutations in the channel and translocation, we pulled deca-alanine across the native channel (toward the periplasm) as well as across the half-plug and full-plug deletion mutants (each simulation requiring 10 ns in total). The force for each system as a function of position along the channel axis is presented in [Fig. 4 A](#fig4){ref-type="fig"}. Although the forces are large due to the speed of the enforced translocation, they are comparable to those measured in other SMD simulations of SecY ([@bib13]; [@bib43]). A clear trend can be recognized in the magnitude of force required for translocation. The force for the half-plug deletion mutant at its peak is ∼10% less than that for the native channel, and for the full-plug deletion mutant it is ∼35% lower. As in previous simulations, the peak in force for all systems corresponds to the expansion of the pore ring ([@bib13]), indicating that the pore ring opens more easily in the mutants than in the native channel.

![SMD of SecY. The colors in each plot are the same: black for native SecY, blue for the half-plug deletion mutant, and red for the full-plug deletion mutant. (A) Translocation across the channel. Shown is the force required as a function of position for translocation of deca-alanine (all values have an SD of 120 pN). (B) Opening of the lateral gate. The force required to open the lateral gate is shown as a function of the size of the gate opening (SD = 375 pN). (C) Plug removal. The force required to pull the plug out of the channel is shown as a function of distance pulled (SD = 120 pN).](jgp1320709f04){#fig4}

Further SMD simulations focused on opening the lateral gate of SecY, the point of insertion for membrane protein segments, formed between TMs 2b and 7 ([@bib45]). We forced the gate open by pulling the C~α~ atoms of the gate helices for 6 ns in opposite directions. The measured forces, compared with those previously found for native SecY ([@bib14]), are shown in [Fig. 4 B](#fig4){ref-type="fig"}. The mutants require noticeably less force to open the gate, with as much as 33% less force required at an opening of 6--9 Å, the relevant range being the same as seen before ([@bib14]); after an opening of 9 Å, the forces become equivalent as the plug is then completely free in all systems.

To quantify the decreased interactions of the new plugs with the channel body, we pulled each plug out of the channel at 1 Å/ns, again measuring the force required, shown in [Fig. 4 C](#fig4){ref-type="fig"}. Because the plugs started at different positions within the pore for each channel, the force required at specific positions cannot be directly compared. Nonetheless, we see a clear difference between the native channel and the two mutants. The force required to remove the plugs for both mutants is half of that required for the native channel. The lower force needed for the mutants agrees well with the previous analysis indicating that the new plugs are not nearly as stable as the native plug in the channel\'s closed state. Thus, it is likely that the decreased stability of the plugs is a contributing factor to the decrease in force required for translocation in the two mutants, although by how much it alone lowered the force is unclear.

Modification of Plug Interactions
---------------------------------

Given that the two elements, plug and pore ring, normally function in a cooperative manner, and that disturbing one affects the other ([@bib13]), determining their independent contributions to sealing the channel is difficult. To address this difficulty, we performed an additional simulation in which the plug was made "transparent" for water molecules. Specifically, for the native SecY, interactions (electrostatic and van der Waals) between plug residues 55--65 and water were turned off. All other interactions were maintained, including those between the plug and the rest of the channel. Water molecules could pass through the plug unperturbed, as illustrated in [Fig. 5](#fig5){ref-type="fig"}, but still permitted the plug to lock the channel in a closed conformation. By separating the two roles of the plug in a manner only possible in simulation, we can assess whether the pore ring, when interacting with the plug, is sufficient to block the channel.

![Modification of the plug\'s interactions with water. SecYEβ is shown as a molecular surface, colored as in [Fig. 1](#fig1){ref-type="fig"}, cut through the middle to display the channel. Lipid head groups are indicated as blue, red, and brown spheres. Water molecules, shown in light blue, fill the channel up to the pore ring, in yellow, from both top and bottom. The water molecules clearly overlap the plug, shown in red.](jgp1320709f05){#fig5}

As before, we counted permeation events over the course of the 20-ns simulation, and the results are shown in [Table I](#tbl1){ref-type="table"}. We found that only six water molecules crossed the pore ring, significantly less than in the case of the mutants; additionally, the plug was nearly as immobile as in the simulation with all interactions maintained (not depicted). We also monitored the *z*-coordinates of the pore ring side chains, shown in Fig. S7. The pore ring residues did not deviate significantly from their starting positions, with the exception of Ile^260^. Fluctuations were also small compared with those for the mutants.

If the plug merely served as a steric barrier to the flow of water and ions, one would expect that the conductance measured in this simulation would be on par with or greater than that of the mutants. Given that the conductance is actually only ∼15% of that for the plug-SecE--locked mutant, the plug\'s interactions with the rest of the channel must play an important role in sealing it. In particular, the plug holds the pore ring residues in place, which in turn maintain a nearly watertight seal. Thus, the pore ring is the primary barrier to the flow of water, whereas the plug serves to hold the pore ring and channel in a closed conformation.

DISCUSSION
==========

The structure of the protein translocon revealed a channel tightly closed by two elements, the plug and the pore ring, although it remained unclear precisely how each contributes to sealing the channel. Crystal structures of plug deletion mutants showed the channel to be closed, due in part to the formation of new plugs from the remaining residues ([@bib26]). Although these structures suggest that the plug is a critical element of the channel, electrophysiology experiments showed that the new plugs apparently are not sufficient seals because the mutants alternated between open and closed states, permitting a significant flux of ions over long timescales ([@bib38]). Now with MD simulations, we have clarified the roles of both plug and pore ring in maintaining a closed channel. To determine why the mutants are more permeable than native SecY, we ran simulations on each of the three crystal structures of SecY (the native channel, the half-plug deletion mutant, and the full-plug deletion mutant) as well as a mutant modeled with the plug locked to SecE outside the channel. We also resorted to three sets of SMD simulations, including simulated translocation of a deca-alanine helix and lateral gate opening, to further quantify the distinction between the structures. Finally, a unique simulation in which the interactions between plug and water were turned off allowed us to definitively assess the relative importance of the roles of the plug as a steric barrier and as a lock restricting movement of the rest of the channel.

The equilibrium simulations revealed that although the native SecY is watertight, the plug deletion and plug-SecE--locked mutants permitted permeation of water. We also saw that the new plugs in the mutant structures are less stable than in native SecY. Previous simulations of translocation indirectly showed that the plug and the pore ring were not independent and that opening one apparently destabilized the other ([@bib13]). The current results confirm the connection between the two in opening the channel; the unstable plugs in the mutant structures permit the pore ring residues to move more freely, leading to the observed water permeation events. When the pore ring in the full-plug deletion mutant was restrained to its crystallographic radius, not a single water molecule crossed the channel; at larger pore ring radii, a vapor-like state in the pore was only observed when the pore ring was restrained. Both results further illustrate that the pore ring\'s dynamic behavior is responsible for the channel\'s permeability. SMD simulations also indicate that the mutant channels permit translocation and lateral gate opening more easily than the native, closed SecY, suggesting why deleting the plug negates the requirement of a signal sequence for channel opening ([@bib26]). The decreased force required for translocation is also in agreement with experiments that found a particular plug deletion mutant had a sixfold increase in translocation activity ([@bib29]). The connection between the plug and pore ring became most apparent when we simulated the native SecY with interactions between water and plug eliminated, permitting water to freely pass through the plug. Even after eliminating artificially the steric barrier presented by the plug, only a few water molecules crossed the pore ring, significantly fewer than in the mutants, illustrating that the plug\'s primary function is to lock the channel in a closed conformation.

Our results further illustrate the proposed steps in the gating of SecY ([@bib41]; [@bib26]). When a signal sequence is inserted into the channel, it is known to be in contact with TMs 2b and 7 (the lateral gate) as well as lipids ([@bib33]; [@bib21]). Whether the lateral gate fluctuates spontaneously to an open state or is opened through interaction with the signal sequence and then held in the open position is still unknown. However, once the gate is held open, its interactions with the plug are broken, loosening and even freeing the plug, as seen in previous simulations ([@bib14]). The present simulations demonstrate that once the plug is loosened, the pore ring fluctuates more and permits translocation more easily. Although we only observed periplasmic portions of the channel becoming destabilized in the plug deletion mutants, experiments suggest that over longer timescales, the destabilization would propagate to the rest of the channel ([@bib25]; [@bib38]). Gating efficiency is also likely increased by the binding of channel partners and dimerization. Previous simulations showed that in a back-to-back dimer, the plugs are less stable compared with the monomer as also suggested by experiment ([@bib7]; [@bib44]; [@bib13]). Binding of the translocon to the ribosome or SecA, required to initiate translocation, may increase the opening probability of the channel as well. For example, ribosome--channel complexes with the nascent chain removed are permeable to ions and small molecules, suggesting at least that the ribosome can prevent the channel from closing ([@bib40]; [@bib20]). However, the full effect of the channel partners on SecY is still unknown; in particular, it is unknown whether channel partners affect the channel\'s opening, and to what degree.
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